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Abstract: Accurate reference dielectric functions play an important role in the research and
development of optical materials. Libraries of such data are required in many applications in
which amorphous semiconductors are gaining increasing interest, such as in integrated optics,
optoelectronics or photovoltaics. The preparation of materials of high optical quality in a reproducible
way is crucial in device fabrication. In this work, amorphous Ge (a-Ge) was created in
single-crystalline Ge by ion implantation. It was shown that high optical density is available when
implanting low-mass Al ions using a dual-energy approach. The optical properties were measured
by multiple angle of incidence spectroscopic ellipsometry identifying the Cody-Lorentz dispersion
model as the most suitable, that was capable of describing the dielectric function by a few parameters
in the wavelength range from 210 to 1690 nm. The results of the optical measurements were consistent
with the high material quality revealed by complementary Rutherford backscattering spectrometry
and cross-sectional electron microscopy measurements, including the agreement of the layer thickness
within experimental uncertainty.
Keywords: germanium; optical properties; dielectric function; thin film characterization; semiconductor;
spectroscopic ellipsometry; optical dispersion; Tauc-Lorentz model; Cody-Lorentz model
1. Introduction
Accurate and reliable optical data of materials are scarce in the literature, although they are
of key importance for the modeling of coatings, as well as optical or structural materials [1,2].
Ge, its alloys, as well as many other crystalline and amorphous semiconductors, especially Si, Ge and
their compounds are used as detectors [3], Bragg reflectors [4], photodiodes [5], materials of controlled
optical properties (especially in the infrared wavelength range [6]), band gap [7] and refractive
index [1] engineering.
The optical properties and the thickness of thin film structures can be derived from (Ψ,∆) values
measured by spectroscopic ellipsometry (SE), where Ψ and ∆ describe the relative amplitude and
relative phase change, respectively [8]. SE is the primary tool to determine the optical properties and
structure of materials [9], in many cases utilizing the in situ capabilities [10,11]. Concerning amorphous
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Ge (a-Ge) films, papers dealing with the optical and structural characterization of evaporated Ge layers
can be found in the literature [12–16], and only a few papers discuss the optical and structural
characterization of a-Ge layers obtained by low energy (0.5–1.0 keV) ion bombardment [17,18].
Aspnes and Studna irradiated single-crystalline Ge (c-Ge) surfaces using Ne and Ar ions with
1 keV energy. They performed SE measurements and determined the dielectric function of the
ion bombardment-amorphized Ge (ia-Ge) layers. They obtained a 9 nm thick ia-Ge layer for 1-keV Ne
bombardment and determined its dielectric function [17]. This layer thickness can be considered as
ultra-thin and even an atomically thin transition “layer” between the c-Ge and ia-Ge region can cause
more than 10% uncertainty. We measured a thick layer and the weighted uncertainty caused by the
transition layer is low.
To describe the optical properties on an amorphous material as a function of photon energy
or wavelength the Tauc-Lorentz (TL) or Cody-Lorentz (CL) dispersion models are frequently used.
The TL model was developed by Jellison and Modine [19] to provide a dispersion equation for a
material that only absorbs light above the material bandgap. The CL analytical model elaborated by
Ferlauto et al. was designed to model optical properties of amorphous materials [20].
In this work, we used ion implantation to create a high-density void-free amorphous material for
reference database purposes. We showed that by the proper choice of the implantation parameters
(element, multiple energies, angle, etc.), a layer is formed that is comparable with the highest qualities
found in the literature in terms of optical density. Additional to the optical references of amorphous
Ge currently available, we provide an analytical model that well described the dispersion in a broad
wavelength range. The results of the optical characterizations were verified by complementary
methods including Rutherford backscattering spectrometry combined with channeling (RBS/C) and
cross-sectional transmission electron microscopy (XTEM).
2. Experimental Details
A Ge wafer from Umicore (orientation of (100), resistivity of approx. 0.4 Ωcm, CAS Nr. 7440-56-4)
was cleaned in diluted HF (CAS Nr. 7664-39-3) and rinsed in deionized (DI) water. After cutting it
into small rectangular pieces, the samples were rinsed again in DI and dried in N gas. To produce a
homogeneous amorphous layer from the surface to the buried crystalline-amorphous interface the
amorphized layer was created by two step amorphization via ion implantation at room temperature
(first step 120-keV Al+ (CAS Nr. 7429-90-5) at a fluence of 1 × 1016 atoms/cm2; second step:
300-keV Al+ 1 × 1016 atoms/cm2) using a heavy-ion cascade implanter (Figure 1a). To avoid the
channeling effect during implantation, the sample was tilted by 7◦ with respect to the ion beam
(Figure 1b). Although after the first implantation the Al ions may partially channelled even at tilt
7◦ [21], the amorphous layer formed by the first ion implantation ensured that the Al ions in the second
ion implantation step couldn’t practically get channelled in the sample. The reason for selecting a
relatively light mass projectile (Al) was to avoid void formation in case of implantation of heavy mass
ions [22].
The damage level caused by ion implantation can be characterised by the displacements per
atoms (DPA), i.e., the number of times that an atom is displaced for a given fluence. Figure 1c shows
the Al and DPA distribution determined by the simulation software of Stopping and Range of Ions in
Matter (SRIM) [23]. SRIM calculates the number of displacements per one implanted ion and per unit
depth as a function of depth in the irradiated sample. Considering the implanted fluence (the number
of implanted ions per unit area), the value of DPA can be determined for the applied fluence. At depths
where the calculated DPA reaches the threshold value (0.3 DPA in our case [24]), the target is supposed
to turn to an amorphous phase from crystalline. In our case the DPA value exceeds the threshold from
the sample surface down to a depth of 630 nm. Therefore, based on the SRIM simulations, we suppose
the position of the a-Ge/c-Ge interface to be at the depth of 630 nm.
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Figure 1. (a) Process steps of sample preparation. From left to right: cleaning in HF and DI; implantation
of 120 keV Al ions; finally, implantation of 300 keV Al ions. (b) Schematic drawing of the dual-energy
ion implantation showing the damage (red curves) and Al (green curves) profiles. The blue box shows
the c-Ge substrate into which Al ions (green circles at the left-hand side) are implanted at well-defined
energies and tilt angles of 7◦ in order to avoid the channeling of the ions. (c) Simulated Al concentration
and Ge damage profile caused by the implantation of Al into Ge using an energy of 300 keV and a
fluence of 1 × 1016 Al/cm2. The calculation was performed by the SRIM software. The threshold for
the amorphization level of 0.3 DPA corresponds to a damaged layer thickness of 630 nm. Note, that the
peak Al concentration is less than 0.7 at%.
The RBS analysis was performed in a scattering chamber equipped with a two-axis goniometer
connected to the 5-MV Van de Graaff electrostatic accelerator of the Wigner Research Centre for Physics.
The 1.6-MeV He+ (CAS Nr. 7440-59-7) analyzing ion beam was collimated with two sets of four-sector
slits to the spot size of 0.5 mm by 0.5 mm, while the beam divergence was kept below 0.05◦. The beam
current was measured by a transmission Faraday cup [25]. The backscattered He+ ions were detected
using an ORTEC surface barrier detector. The energy resolution of the detection system was 12 keV.
The spectra were recorded in Cornell geometry at a scattering angle of 165◦ for two different sample
tilt angles of 7◦ and 60◦. For quantitative compositional analysis both the axial and planar channeling
effects of the He+ projectiles in the c-Ge substrate were avoided. The measured data were evaluated
with the RBX spectrum simulation code [26].
For ex situ ellipsometric characterization a Woollam M-2000DI rotating compensator spectroscopic
ellipsometer was used in the wavelength range of 210–1690 nm. The sample for the XTEM investigation
was prepared by focused ion beam thinning method. The XTEM investigation was carried out using a
Cs-corrected (S)TEM Themis type electron microscope with an operation voltage of 200 keV.
3. Results and Discussion
RBS/C measurements were performed for the analysis of the amorphized Ge layer. To simulate
the channeled and random RBS spectra an ia-Ge layer with a thickness of 2.9 × 1018 ± 1.5 × 1017
Ge/cm2 (i.e., 659± 33 nm using the density of 4.4× 1022 at/cm3 and the 5% uncertainty of He stopping
in Ge) was used. The amorphous Ge layer was formed on top of the c-Ge substrate. The recorded and
generated ion beam analytical spectra are displayed in Figure 2. To simulate the dechanneling yield,
a lattice strain was taken into account around the range of Al ions. The thickness of the ia-Ge layer
agrees with the SRIM simulation within the experimental uncertainty of RBS. The RBS results reveal
that the damaged layer is fully amorphized, because the leading edges of the recorded channeled and
random spectra coincide.
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Figure 2. Comparison of measured (symbols) and simulated (lines) RBS spectra of the Al-implanted
Ge sample (a) in channeling conditions around normal incidence. The channeling spectrum of virgin
Ge is also shown (b) in random conditions at the sample tilt of 60◦.
The agreement between the implanted ion distributions determined by SRIM and RBS is
usually much better, because SRIM and RBS use the same stopping powers. Here, besides the Al
stopping power, the thickness of the damaged layer also depends on the threshold of amorphization,
and therefore the uncertainty of the position of the crystalline-amorphous interface at the damage tail
region is larger than that for the ion projected range (see Figure 1a).
The spectra obtained from the multiple-angle-of-incidence spectroellipsometric measurements
were evaluated using a two-layer optical model. The evaluation was performed using the WVASE32
software [27]. The generated ellipsometric spectra were fitted on the measured ones using a regression
algorithm. The measure of the fit quality is the mean square error (MSE) defined by the following
equation [8]:
MSE =
√√√√√ 1
2N −M
n
∑
i=1
(Ψmodi −Ψexpi
σ
exp
Ψi
)2
+
(
∆modi − ∆
exp
i
σ
exp
∆i
)2, (1)
where N denotes the number of measured (Ψexpi ,∆
exp
i ) data pairs, M is the number of fit parameters,
Ψmodi and ∆
mod
i are the (optical model based) calculated ellipsometric angles at the photon energy Ei,
whereas Ψexpi and ∆
exp
i are the measured ellipsometric angles at the photon energy of Ei. The σ
exp
Ψ,i and
σ
exp
∆,i values are the random experimental errors. The unknown parameters are allowed to change until
the minimum of MSE is obtained. In order to avoid the local minimum in the regression algorithm,
a global search procedure has been applied.
The measured and fitted spectra, as well as the corresponding two-layer optical model are shown
in Figure 3. The full-size version of the XTEM image is shown in Figure 4. We determined the
optical properties of the native GeO2 layer from a spectroellipsometric measurement on a 5 nm thick
GeO2 layer deposited by chemical vapor deposition on single crystalline Si. The thickness of the
surface oxide layer was found to be less than 2 nm using the two different optical models described
below. Using a stoichiometric oxide layer, neglecting a possible nanoscale roughness and the interface
between the oxide and the amorphous layer is the usual simplification of the surface structure applied
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in ellipsometry. The small thickness reveals a high surface quality a-Ge layer, from which we can
assume a negligible systematic error caused by the modeling of the a-Ge surface.
Figure 3. Measured (solid lines) and generated (dotted lines) ellipsometric Ψ and ∆ spectra for the
Al-implanted Ge sample. The two-layer optical model and the corresponding XTEM micrograph is
shown in the inset. The fitted thicknesses of the surface oxide (GeO2) and a-Ge (TL oscillator) layers
are 1.61 ± 0.03 and 679.4 ± 0.3 nm, respectively. Note that the top part of the XTEM image is the glue
used for the sample preparation. The 1.6-nm oxide itself is not visible. The arrows show the direction
of increasing angles of incidence from 53◦ in steps of 3◦.
Figure 4. (a) HRTEM image and its fast Fourier transform (FFT) showing a completely amorphized Ge
layer. (b) Image obtained by XTEM method showing a completely amorphized germanium layer of
680 nm thickness on c-Ge.
First, the TL dispersion relation [21] was applied for the description of the complex dielectric
function of the ia-Ge layer (Figure 3). Note that the atomic ratio of the implanted Al is 0.3 percent
assuming a homogeneous distribution, and not higher than 1 percent for the peak Al concentration.
Therefore, no optical effect from a separate metallic phase has to be assumed. The dielectric function
of the c-Ge substrate was from Ref. [15] (also included in the materials library of the WVASE32
software [28]). The thicknesses of the layers and the parameters of the TL model were fitted as free
variables. The evaluation yielded a value of 23.2 for the MSE.
In the TL expression the imaginary part of the dielectric function is given as the product of the
Tauc law and the Lorentz oscillator function in order to obtain appropriate near-gap and above-gap
optical responses, respectively. The Tauc law formula was derived on the assumption of parabolic
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bands and a constant momentum matrix element. The real part of the dielectric function is obtained
by applying the Kramers–Kronig transformation. The Tauc-Lorentz oscillator allows for a band gap,
i.e., a non-absorbing region below the band gap energy Eg and describes the onset of absorption close
to the band gap.
The resulting fitted parameters of both optical models for the ia-Ge sample are shown in Table 1.
Only five free parameters describe the dielectric function of the ia-Ge layer: the amplitude, the resonant
energy (or peak transition energy), the broadening term, the bandgap energy and the offset parameter
of the Kramers-Kronig transformation.
Table 1. Fitted parameters of both parametric models for the ia-Ge layer.
Parameter TL Model CL Model
Oxide thickness (nm) 1.61 ± 0.03 1.74 ± 0.01
a-Ge layer thickness (nm) 679.4 ± 0.3 678.9 ± 0.1
Amplitude 142.4 ± 0.4 92.7 ± 0.2
Energy position (eV) 3.042 ± 0.004 3.355 ± 0.002
Broadening (eV) 3.95 ± 0.01 4.08 ± 0.01
Band gap (eV) 0.622 ± 0.001 0.689 ± 0.002
Offset 0.14 ± 0.02 0.62 ± 0.01
Ep (eV) 0.561 ± 0.004
Et (eV) 0.39 ± 0.05
Eu (eV) 0.189 ± 0.001
Mean Square Error 23.2 9.7
The high MSE value (23.2) and the imperfect agreement between the measured and generated SE
spectra of the TL model in certain wavelength regions (see the wavelength range above 1300 nm for ∆)
motivated us to perform a new evaluation using the CL dispersion relation for the description of the
complex dielectric function of the ia-Ge layer.
The two-layer optical model as well as the measured and fitted spectra using the CL dispersion
relation is shown in Figure 5. Here, the thickness of the layers and the parameters of the CL model
were fitted as free variables. The free parameters describe the thicknesses of the oxide and the ia-Ge
layer, as well as the dielectric function by adding three more parameters to the TL oscillator model:
the transition energy between the absorption onset and the Lorentz oscillator (Ep), the demarcation
energy between the Urbach tail transitions and the band-to-band transitions (Et), and the Urbach tail
parameter (Eu)—see Table 1. Note that the MSE value is much better (9.7) than that of the TL model
(23.2—also shown in Table 1) and the difference between the measured and generated SE spectra
indicate a good agreement (see for example the improvement for ∆ in the above-mentioned range of
wavelengths larger than 1300 nm). When fitting on the Ψ and ∆ ellipsometric angles, an MSE below 10
is usually acceptable [8]. It may be possible to improve when adding more oscillators to the model,
but at the cost of increasing parameter correlations and uncertainties. The results show that the simple
one-oscillator CL model fits the data perfectly in the wavelength range below ≈4.5 eV.
The n and k values obtained by the evaluation of the measured SE spectra using the CL and TL
models are shown in Figure 6. For comparison, the data of c-Ge and evaporated a-Ge are also presented.
There is only a small difference between the TL and CL dispersions. Moreover, the discrepancy between
the ia-Ge and the evaporated a-Ge was found to be smaller than for amorphous silicon [29].
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Figure 5. Measured and generated ellipsometric Ψ and ∆ spectra for the Al-implanted Ge sample.
The two-layer optical model and the corresponding XTEM micrograph revealing a completely
amorphized layer with a thickness of 681 nm is shown in the inset. The fitted thicknesses of the
surface oxide (GeO2) and the amorphous Ge (CL oscillator) layers are 1.74 ± 0.01 and 678.9 ± 0.1 nm,
respectively. Note that the top part of the XTEM image is the glue used for the sample preparation.
The 1.7-nm oxide itself is not visible. The arrows show the direction of increasing angles of incidence
from 53◦ in steps of 3◦.
Figure 6. n (solid lines) and k (dashed lines) spectra given by the evaluation of the measured SE data
using the CL and TL dispersions. For comparison, the data of c-Ge [28,30] and evaporated a-Ge [15]
(Adachi) are also presented.
The thickness values of the ia-Ge layer determined by SE and the theoretical thickness of damaged
region estimated by SRIM agree with the thickness value determined by RBS/channeling technique
within the experimental uncertainty of RBS. However, SE gives a somewhat larger thickness value
compared to RBS; probably SE is more sensitive to damage than the RBS/channeling technique.
The images obtained by XTEM investigation are shown in the insets of Figures 3 and 5.
The HRTEM image shown in Figure 4 and its fast Fourier transrom (FFT) obtained by XTEM method
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(as well as the insets of Figures 3 and 5) show a completely amorphized germanium layer. This result
justifies the appropriate choice of Al for the ion implantation, because a high quality, void-free, dense
and completely amorphous Ge layer was formed. The density of the a-Ge layer found in our study is
even higher than that was reported in Ref. [15]. This result is also reflected in our n and k values which
are slightly higher than that shown in Ref. [15], especially at higher wavelengths.
4. Conclusions
The complex dielectric function of ia-Ge produced by ion implantation was determined by SE
in the wavelength range from 210 to 1690 nm. It was found that the CL dispersion relation is more
appropriate for the evaluation of the SE measurements on ia-Ge than the TL model. The thickness
values yielded by the TL and by the CL type SE evaluations are close to the thickness value deduced
from the ion beam analytical measurements and XTEM investigation. The obtained dielectric function
spectra are in good agreement with those measured by Adachi et al. [15], providing a solid and reliable
basis of further in situ investigations of amorphization processes in Ge.
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